Single nucleotide polymorphisms (SNPs) in the endothelial nitric oxide synthase (NOS3) gene have been related to endothelium-dependent vasodilation in either conduit or resistance arteries with divergent results. In the Prospective Study of the Vasculature in Uppsala Seniors study, 959 participants aged 70 (51% men) were evaluated with brachial artery ultrasound to assess flow-mediated vasodilation (FMD; reflecting conduit arteries) and invasive forearm technique with intrabrachial infusion of acetylcholine (endothelium-dependent vasodilation (EDV); reflecting resistance arteries). The 23 SNPs analysed by minisequencing captured 490% of the common genetic variation in the NOS3 gene, using the HapMap population of European ancestry (CEU) as reference. One SNP (Glu298Asp) was related to FMD (nominal P ¼ 0.0018), but not to EDV (nominal P ¼ 0.76) after adjustment for sex, systolic blood pressure, diastolic blood pressure, pulse rate, antihypertensive treatment, total cholesterol, highdensity cholesterol, lipid-lowering medication, fasting glucose, antidiabetic medication, body mass index, current smoking and prior diagnosis of cardiovascular disease. This relation was significant in both men and women in sex-specific analyses, and remained significant after adjusting for multiple testing (empirical P ¼ 0.029 from bootstrap resampling). None of the constructed haplotypes were related to vasodilation. The Glu298Asp SNP in the NOS3 gene was related to endotheliumdependent vasodilation in conduit, but not in resistance arteries. This SNP has previously been related to coronary heart disease, and our findings should stimulate to replication and exploration of the association of NOS3 variation with endothelial function in other settings.
Introduction
Since the vasoactive properties of the endothelium were discovered 1 and the main vasodilatory compound was shown to be nitric oxide (NO) derived from the amino acid L-arginine, 2 there has been intensive research regarding the role of NO in cardiovascular disease. Today, flow-mediated vasodilation (FMD) of the brachial artery is the commonest method for studying endotheliumdependent vasodilation in humans. 3, 4 This method use shear stress as stimulus for NO production in a conduit artery. Endothelium-dependent vasodilation has also been frequently evaluated in the forearm vasculature by intrabrachial infusion of acetylcholine, mainly evaluating resistance arteries function. 5, 6 Endothelial dysfunction evaluated using either of these techniques predict future cardiovascular events. 7, 8 However, endothelium-dependent vasodilation in resistance arteries (the invasive forearm technique) and in a conduit artery (the FMD method) might differ substantially. 9, 10 The endothelial nitric oxide synthase (NOS3) gene is appealing in the search for genetic determinants of endothelium-dependent vasodilation. Smaller studies have investigated common genetic variation in NOS3 in relation to endotheliumdependent vasodilation with divergent results. [11] [12] [13] [14] [15] [16] These discrepancies may derive from limited and diversified samples, limited number of single nucleotide polymorphisms (SNPs) analysed and evaluation of endothelium-dependent vasodilation in either a conduit or in resistance vessel, not both in the same study. Recently, the Framingham Heart Study published an investigation relating 18 SNPs covering 480% of the common variation in the NOS3 gene to FMD in a large sample. 17 Although they found significant associations between FMD and eight of the examined SNPs, these relations were not significant after adjustment for multiple testing, necessitating validation studies. Also, they did not assess endothelium-dependent vasodilation in resistance vessels, as they did not use invasive forearm techniques. To further investigate common genetic variation in the NOS3 gene in relation to endotheliumdependent vasodilation, we used data from the Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) study, a population-based cohort study. Our aim was to test the hypothesis that common variation in the NOS3 gene is an important determinant of endothelium-dependent vasodilation in both resistance and conduit arteries.
Materials and methods

Study sample
All individuals aged 70 and living in Uppsala, Sweden were eligible for the PIVUS study. 10 We invited 2025 individuals within two months of their 70th birthday in a randomized manner from April 2001 to June 2004. Of the invited individuals, 1016 (50%) participated in the study. For the present study, we excluded 40 participants for missing data on covariates and 17 for unavailable DNA. After these exclusions, 959 individuals aged 70 (51% men) were eligible and constituted the study sample. Measurements of FMD, endothelium-dependent vasodilation (EDV) and endothelium-independent vasodilation (EIDV) were available on 932, 820 and 836 participants, respectively. The study was approved by the Ethics Committee of the Uppsala University, and all participants provided written informed consent.
Measurements of endothelial function
The brachial artery ultrasound technique. The brachial artery was evaluated 2-3 cm above the elbow using external B-mode ultrasound imaging (Acuson XP128 with a 10 MHz linear transducer, Acuson, Mountain View, CA, USA), according to the guidelines of the International Brachial Artery Task Force. 4 The methods have been described in detail previously. 10 Briefly, a cuff was placed below the elbow and inflated to a pressure of at least 50 mm Hg above the individual's systolic blood pressure for 5 min. FMD was defined as the brachial artery diameter recorded at 60 s following cuff release minus diameter at rest divided by the diameter at rest. The coefficient of variations (CVs) for this method have been shown to be 3% for baseline brachial artery diameter and 29% for FMD. 18 The invasive forearm technique. An arterial cannula was placed in the brachial artery, and forearm blood flow (FBF) was measured by venous occlusion plethysmography (Elektromedicin, Kullavik, Sweden) with the strain-gauge technique, calculated from at least five consecutive recordings. 10 EDV was defined as FBF during infusion of 50 mg min À1 of acetylcholine (ClinAlpha, Läufelfingen, Switzerland) minus resting FBF divided by resting FBF. EIDV was defined as FBF during infusion of 10 mg min À1 of sodium nitroprusside (Nitropress, Abbot, UK) minus resting FBF divided by resting FBF. Cannulation of the artery was not performed in the 3% of the participants who were on regular treatment with warfarin, and in another 10% cannulation failed. The CVs for EDV and EIDV have been demonstrated to be 8-10%. 19 SNP selection, genotyping and identification of haplotype blocks SNPs (25) were selected from the dbSNP database (http://www.ncbi.nlm.nih.gov/SNP/) to be evenly distributed over a region of about 5 kb upstream and 2 kb downstream from the NOS3 gene. The SNPs were genotyped at the SNP technology platform at Uppsala University (http://www.genotyping.se/) using the Golden Gate assay from Illumina Inc. 20 Two SNPs (rs2373929 and rs1549758) were excluded from further analyses because they were not in Hardy-Weinberg equilibrium (P40.01). Thus, 23 common SNPs with minor allele frequencies X5% and genotype call rates 490% were included in the present study ( Figure 1 ).
Linkage disequilibrium (LD) was characterized by calculating D 0 (LD strength) and logarithm of the odds (LOD) score (LD significance) for each pair SNPs using the Haploview software (version 3.32; http://www.broad.mit.edu/mpg/haploview/). 21 The haplotype blocks were defined with the 'solid spine of LD' setting in Haploview.
Statistical methods
Sex-adjusted partial correlation coefficients were calculated for the pairwise correlations of measures of endothelial function. We performed multivariable linear regressions to test the null hypothesis that FMD, EDV and EIDV did not differ by genotype, using general models of inheritance. In addition to fitting sex-genotype (with all SNPs) interaction terms for the three outcomes, we also examined the interaction term between rs1799983 (Glu298Asp) and smoking due to a previous report of such an interaction. 12 None of the examined interaction terms were significant. However, because of a borderline significant (P ¼ 0.070) interaction between sex and rs1799983, and previous reports of sex differences in the relation of NOS3 and endothelial function, 17 we chose to include sexspecific models as secondary analyses. Further, we examined the relation between rs1799983 and FMD using additive, recessive and dominant genetic models of inheritance.
Haplotypes were estimated using the PHASE software. 22 Only those haplotypes with a frequency X3% were analysed, and only those individuals with a haplotype probability of 40.95 were included in the analyses.
In all analyses, we adjusted for covariates previously associated with endothelial function, including sex (in the pooled analyses), systolic and diastolic blood pressure, pulse rate, total cholesterol, high-density lipoprotein cholesterol, fasting glucose, antihypertensive, lipid-lowering medication or antidiabetic medication, body mass index, current smoking and prior cardiovascular disease.
We constructed null data sets through bootstrap resampling to account for multiple statistical testing; genotypes and phenotypes were sampled randomly with replacement. For each of the 23 SNPs, we ran the regression models 10 000 times and evaluated the distribution of minimum probability values. We obtained an empirical probability value for each phenotype by comparing the minimum nominal probability value with the distribution of probability values from the null data sets.
With a significance level of 0.01, we had 89% (FMD), 86% (EDV) and 87% (EIDV) power to detect a quantitative trait locus that accounted for 1.5% of the residual variance. Two-tailed 95% confidence 
Results
The characteristics of the study sample are shown in Table 1 .
Coverage of genetic variation in the NOS3 gene The 23 common SNPs analysed in our study spanned a 30.3 kb genomic segment encompassing the NOS3 gene with a mean distance of 1.4 kb between SNPs. Using the HapMap population of European ancestry (CEU) as a reference, we tagged 10 of the 11 HapMap SNPs (91%) with an r 2 40.9 with eight SNPs from the present study. This proportion is an underestimation of the true coverage of the underlying genetic variation in the region, given the additional 15 common SNPs in the present study that were not genotyped or had a minor allele frequency o5% in HapMap. Thus, we assume that the 23 SNPs genotyped in our study captured most of the common genetic variation in the NOS3 gene.
Relations of single SNPs to measures of endothelial function
The lowest nominal P was observed for the association between rs1799983 (Glu298Asp) and FMD (P ¼ 0.0018) in sex-pooled analyses (Table 2) . Homozygotes of the minor allele (TT) demonstrated a higher FMD than carriers of the common allele. There was stronger association of rs1799983 and FMD in men (P ¼ 0.0056), than in women (P ¼ 0.025), although the effects were consistent in both sexes (Table 3 ). In sex-specific analyses of associations between individual SNPs and invasive measures of endothelial function, there were no significant findings (Table 4) .
Multiple testing correction
The lowest nominal P was observed for the association between rs1799983 (Glu298Asp) and FMD in sex-pooled analyses (Table 2 ; P ¼ 0.0018). This P-value corresponded to an empirical P ¼ 0.029, obtained from bootstrap resampling. If the secondary sex-specific analyses in men and women were also taken into account (adjusting for three models (pooled, men and women) and all SNPs simultaneously), the empirical P-value was 0.078.
Relations of haplotypes to measures of endothelial function
Four blocks of high LD were evident covering 11.9, 8.2, 3.5 and 4.1 kb, respectively ( Figure 1 ). There were 4, 6, 4 and 3 common haplotypes (frequencyX3%) in haplotype block 1-4, capturing 97, 97, 98 and 99% of the chromosomes, respectively (Table 5) .
There were no significant associations between haplotypes in any of the blocks and FMD in sexpooled or sex-specific analyses (Table 5) . Further, there were no significant associations between any haplotypes and EDV or EIDV (data not shown).
Explanatory analyses of the association of Glu298Asp with FMD
We examined the relation of rs1799983 with FMD using additive, recessive and dominant genetic models of inheritance. In sex-pooled analyses, the recessive model was highly significant (P ¼ 0.008), whereas additive and dominant models were nonsignificant. Similarly in men, the recessive model demonstrated the best fit (P ¼ 0.003), whereas Abbreviations: EDV, endothelium-dependent vasodilation; EIDV, endothelium-independent vasodilation; FMD, flow-mediated dilation; LSM, least-square mean; SNP, single nucleotide polymorphism.
Values are multivariable-adjusted least-square means for FMD, EDV and EIDV, adjusted for sex, systolic blood pressure, diastolic blood pressure, pulse rate, antihypertensive treatment, total cholesterol, high-density cholesterol, lipid-lowering medication, fasting glucose, antidiabetic medication, body mass index, smoking and prior CVD diagnosis.
a Nominal P-value for genotype-phenotype association using general models of inheritance. Abbreviations: EDV, endothelium-dependent vasodilation; EIDV, endothelium-independent vasodilation; LSM, least-square mean; SNP, single nucleotide polymorphism.
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Values are multivariable-adjusted least-square means for EDV and EIDV, adjusted for systolic blood pressure, diastolic blood pressure, pulse rate, antihypertensive treatment, total cholesterol, high-density cholesterol, lipid-lowering medication, fasting glucose, antidiabetic medication, body mass index, smoking and prior CVD diagnosis.
a Nominal P-value for genotype-phenotype association using general models of inheritance.
additive and dominant models were non-significant. In contrast, in women the dominant model was borderline significant (P ¼ 0.02), whereas the additive and recessive models were non-significant.
Discussion
Principal findings
In our large community-based study, we related endothelium-dependent vasodilation, assessed with both FMD and invasive forearm techniques, to common genetic variation in the NOS3 gene. One of the analysed SNPs (Glu298Asp) was associated with endothelium-dependent vasodilation in conduit arteries, but not in resistance arteries. This relation was independent of potential confounders, and remained significant after adjustment for multiple testing. There were no evidence of a sex interaction of the relation between Glu298Asp and FMD, and there was an effect in both men and women.
The NOS3 gene and flow-mediated vasodilation FMD is the primary method to evaluate endothelium-dependent vasodilation in peripheral conduit arteries due to the simple and non-invasive character, and it has been applied in several large-scale epidemiological studies during recent years. 10, 17, [23] [24] [25] In a recent publication from Framingham, 17 eight SNPs in the NOS3 were found to be related to FMD. However, none of the associations remained after adjustment for multiple testing. Of note, these eight SNPs were not related to FMD in the present study, whereas Glu298Asp was not related to FMD in Framingham. Thus, although both studies found common genetic variation in the NOS3 gene to be related to FMD, the findings were not consistent with regard to which SNPs that were related. FMD has been questioned as measure of endothelium-dependent vasodilation in elderly, because FMD values are within a narrow range 26 and FMD in elderly is much dependent on arterial compliance. 27, 28 It is important to investigate genetic variation in NOS3 in relation to FMD in younger populations.
In the present study, T-allele carriers of Glu298Asp had higher FMD, which was somewhat surprising, because a recent meta-analysis demonstrated TT genotype carriers to have a 17% increased risk for myocardial infarction. 29 It has been Global P is from a test of trait differences among all haplotypes simultaneously.
NOS3 gene and endothelium-dependent vasodilation E Ingelsson et al argued whether the Glu298Asp polymorphism is a functional polymorphism, 30 and further research in this matter is clearly needed.
Endothelium-dependent vasodilation in forearm resistance vessels and the NOS3 gene Although vasodilation during both FMD and acetylcholine stimulation in the forearm can be blunted by the NO synthase blocker L-NMMA, 31, 32 there is experimental evidence that NO may have a lesser role in resistance arteries. A yet unidentified endothelium-derived hyperpolarizing factor is known to contribute to the vasodilatory process following stimulation with acetylcholine. 33, 34 The contribution of such second endothelium-derived vasodilatory substance could be one potential reason why common genetic variation in the NOS3 gene was not related to EDV in the present study. Another potential reason is that EDV is measured by stimulation of the muscarinic receptor by acetylcholine, whereas FMD evaluates the effect of shear stress on several receptors, including a mechanoreceptor. It has been shown that the values obtained by these two techniques do not correlate. 18 The genetic basis for these two techniques might therefore differ, although both techniques share an involvement of NO.
Endothelium-independent vasodilation and the NOS3 gene If NOS3 activity truly is a major determinant of endothelium-dependent vasodilation, no relation to endothelium-independent vasodilation would be expected. Consistent with this notion, no SNP in the NOS3 gene was related to endotheliumindependent vasodilation when an NO donor was given in the forearm resistance vessels in the present study.
Strengths and limitations
Strengths of this study are the comprehensive assessment of common genetic variation in the NOS3 gene, the large community-based sample with use of both FMD and invasive forearm technique to be able to distinguish between endothelium-dependent vasodilation in conduit and resistance arteries and the assessment of endothelium-independent vasodilation. Several limitations should be noted. First, the present study sample consisted of 70-yearold elderly white Europeans, limiting the generalizability to other ethnic and age groups. Second, the PIVUS study had a moderate participation rate; however, an analysis of non-participants showed the present sample to be fairly representative of the total population regarding cardiovascular disorders and drug intake. 10 Third, we acknowledge that the lack of an independent replication sample for our findings is an important limitation. However, the present study aimed at replicating the findings of a recent study from the Framingham Heart Study. Additionally, as there are no other large communitybased cohorts using two different techniques for assessing endothelial function (in both conduit and resistance vessels), independent replication is difficult.
